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ABSTRACT 
The paper deals with the measurement of gas pulsation along the discharge and 
suction lines of the compressor. The theoretical model of the one-dimensional acoustic 
field encountered within the discharge and suction lines is presented. The existing 
practices of gas pulsation measurement are discussed. The principal measurement 
errors due to the reflection phenomena are briefly summarised. Some measurement 
results are used in order to illustrate the possible source of errors. The measurement 
method using a 3 transducers array is presented. The required transducer distance as 
a function of the refrigerating fluid properties and frequency range is analysed. The 
spatial average of pressure pulsation, as the principal measurement quantity, which 
characterises the gas pulsation in the discharge and suction lines, is discussed and its 
choice justified. The results of validation of the proposed measurement method, on 
few industrial cases are presented. At the end, evolutions on the characterisation 
methods based on the 3 transducer measurements are briefly summarised. 
INTRODUCTION 
Noise and vibration performance of refrigerating and air conditioning machinery and 
systems becomes an important selling argument. The main vibroacoustic source of 
such machinery is refrigerating compressor. Three principal components of the noise 
generation by the compressor can be distinguished: the noise directly radiated by the 
compressor and the noise transmitted to the machinery in the form of structure-borne 
and fluid-borne vibroacoustic energy. The effective sound generation due to the 
transmitted noise is done by the machine walls, enclosure panels and other radiating 
surfaces. The relative contribution of the different noise components depends on the 
type of machine/compressor considered. Neither of the three components can be a 
priory neglected. When fluid-borne noise component is considered an accurate 
experimental evaluation of gas pulsation generated by the compressor is needed. 
Fifteenth International Compressor Engineering Conference at 
Purdue University, West Lafayette, IN, USA- July 25-28, 2000 627 
ONE DIMENSIONAL GAS PULSATION -THEORETICAL CONSIDERATIONS 
Acoustic field within a refrigeration line 
Different types of waves can be propagated within a wave guide. The simple plane 
waves are the only propagating waves for the low frequency excitation. The low 
frequency region is defined with respect to the "cut-on" (sometimes also referred as 
"cut-off') frequency. If the pulsation frequency is higher than the "cut-on" frequency the 
waves other than simple plane waves can exist. The "cut-on" frequency fcut in [Hz] 
can be expressed as function of the speed of sound c0 of the refrigerant fluid and the 
diameter d of the pipe as follows: fcut = 0.586c0 fd. In the most of air-conditioning 
and refrigerating applications the gas pulsation generated by the refrigerant 
compressor behave like the simple plane waves. The plane waves generated by the 
compressor propagate within the refrigeration lines up to the singularity points as 
valves , cross-section changes, and others. These elements create the reflection 
phenomena. Since, the part of the acoustic energy of gas pulsation is reflected two 
gas pulsation waves exist: incident and reflected. The incident and reflected waves 
interfere. The resulting gas pulsation amplitudes p(x,m) depend on the frequency m 
and on the spatial co-ordinate x (parallel with the pipe length). 
p(x,m) = [ A(m)e-ikx + B(m)e+ikx] 
where j is imaginary unit, k is the wave number, while two constants A(m) and 
B( w) represent the amplitudes of the incident and reflected waves. 
Measurement of gas pulsation 
(1) 
The gas pulsation created by refrigerant compressor is measured using dynamic 
(acoustic) pressure transducers. The measurement signal produced by the transducer 
is amplified and conditioned before being processed by a FFT analyser. The 
measurement results are not the instantaneous values of the dynamic (acoustic) 
pressure but the spectral data, which correspond to the averaged values of the 
squared gas pulsation amplitudes. The RMS value of the gas pulsation Prms(w) is 
computed using the power spectrum s( w) of the measured dynamic (acoustic) 
pressure measured. 
(2) 
Due to the interference of the incident and reflected waves the power spectrum of the 
of the gas pulsation amplitudes is function of the position of measurement point. 
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The spatial distribution of the gas pulsation within the portion of a pipe without 
singularities (cross-section changes, valves, etc.) is given by the following expression. 
S(m,x) = M(m)+ F(w)cos(2kx- <P) (3) 
where M(w) is the spatial average ofthe gas pulsation power spectrum, F(w) is the 
corresponding amplitude of spatial fluctuations, k = wf c0 is the wave number, <P is 
spatial phase, while the spatial co-ordinate is denoted by x . The spatial period is 
equal to the half of the wavelength of the corresponding gas pulsation A-/2 = nf k . 
Since the power spectrum has to be real and positive quantity, the spatial average 
have to be greater or equal to the spatial fluctuation amplitude M(m);?: F(m). 
SMax(m}= M(w}+ F(m} Smin(m) = M(m)- F(w) (4) 
The maximum and minimum of the power spectrum measured along the described 
refrigerant line can be computed using the expressions above. 
Analysis of the acoustic field generated by gas pulsation 
The spatial distribution of gas pulsation amplitude is given by the interaction of the 
incident and reflected waves. In an infinite pipe, with no reflection, the spatial 
fluctuation of the gas pulsation amplitude does not exist. In such a case, the maximum 
and minimum of the gas pulsation are the same as the spatial average. In the case of 
total reflection the amplitudes of incident and reflected waves have the same absolute 
value. The spatial average is equal to the amplitude of spatial fluctuation of gas 
pulsation. The minimum pressure amplitude is equal to zero, while the maximum 
equals twice the spatial average. In order to analyse the acoustic field within the given 
refrigeration pipe, it is useful to compute the amplitudes of two constitutive waves. 
Using the constitutive gas pulsation waves, the reflection coefficient of the line/pipe 
and the type of acoustic field can be deduced. The reflection coefficient lrl2 (squared 
absolute value i.e. energetic) is defined by the following expression. 
(5) 
where the power spectra of gas pulsation corresponding to the incident and to 
reflected waves are denoted by I( w) and R( w) , while A( w) and B( w) are the 
incident and reflected wave amplitudes defined in equation (1 ). The reflection 
coefficient equal to zero indicates the propagative acoustic field (infinite pipe with no 
reflections), while the reflection coefficient equal to unit denotes total reflection of the 
gas pulsation waves. 
Fifteenth International Compressor Engineering Conference at 
Purdue University, West Lafayette, IN, USA- July 25-28, 2000 629 
The power spectra of incident and to reflected waves can be evaluated from the gas 
pulsation measurement readings as follows. 
(6) 
Since I( w) ~ R( w) , the incident power spectrum I( w) is computed using positive 
sign in the equation above. The second solution R( w) , with the negative sign, 
correspond to the power spectra of reflected wave. 
MEASUREMENT METHOD USING 3 TRANSDUCERS ARRAY 
Description the 3 transducer array antenna 
The spatial average and the corresponding fluctuation amplitude can be directly 
evaluated using an array of transducers placed within the refrigeration line. The 
number of transducers and its distance should be carefully chosen in order to cover 
the spatial fluctuation phenomenon for the frequency range of interest. In this case the 
evaluation of the average value and of the spatial fluctuation amplitude becomes a 
straightforward (trivial) task. The same information can be extracted using only 3 
transducers and an appropriate post-processing of measurement results. In the figure 
below, a 3 transducer array/antenna is presented. The transducers are denoted by the 
numbers 1 ,2 and 3. 
Figure 1. -A 3 transducer array/antenna for gas pulsation measurements. 
Left - a schematic presentation and transducer notation. Right- a physical realisation of 3 transducer 
array/antenna used for gas pulsation measurements in discharge line of a refrigerating compressor. 
In order to use a 3 transducer array, a FFT analyser, which permits simultaneous 
processing of at least 3 channels is needed. In our case channel2 is the reference 
channel. 
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The FFT analyser can evaluate simultaneously the power spectra corresponding to the 
3 measurement channels and cross spectra with the respect to the reference channel. 
(7) 
The other spectral data can be computed using the spectra defined above. For 
example the cross-spectrum S13(m) = S12S;2 /S22 , where ( .. .)* denotes complex 
conjugate. For the most of the industrial applications the number of averages have not 
to exceed 32. But, if the signal to noise ratio is particularly low, the number of 
averages could be increased. The post processing of the experimental results starts 
with computing the parameter (( w) = cos( ko) . 
((w) ~ 1 (8) 
where 9\[ ... ] denotes the real part. For computation of the speed of sound of the 
refrigerant the parameter ((w) = cos(ko) and the dispersion relationship c0k = w are 
needed. The spatial average and the amplitude of spatial fluctuation of gas pulsation 
can be evaluated using the parameter (( w) and the measurements spectral data. 
• Speed of sound of refrigerant: 
0(1) 
c - ---=-----= 0 
- arccos[ (( w)] (9) 
• Spatial average of gas pulsation: 
(10) 
• Amplitude of spatial fluctuation of gas pulsation: 
Spatial average and the corresponding amplitude of fluctuation of gas pulsation are 
real and positive quantities: M ( w) = 9i[ M (OJ)] ~ 0 and F( w) = 9i[ F( w)] ~ 0 . 
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Accuracy of the method and measurement errors 
In order to design the measurement device, less encumbering possible, the minimal 
distance between the transducers have be chosen. The minimal distance between the 
transducers is function of the maximal wavelength to be measured A max and of the 
accuracy of the measurement hardware. For the commercially available transducers 
and signal processing devices the minimum transducers distance is approximately 
equal to 5% to 10 %of the longest wavelength to be measured. Since the long 
wavelengths are associated with the low frequencies, the last condition can be used to 
compute the lowest frequency which permits an accurate measurement and data 
processing. 
Omin ~ (0.05+0.10) Amax (12) 
When the wavelengths An= A/n (n = 1,2,3, ... ) approach the distance between the 
transducers 1 and 3 (distance 28 ) the accuracy of measurements is poor. In such a 
case the parameter s( m) approaches 1. The dispersion relationship can be used to 
evaluate the corresponding frequencies. 
An= 
2
: fn = ~; {13) 
In order to increase the accuracy of the measurements S'(m) = cos(8mfc0 ) can be 
recomputed using the speed of the sound evaluated by a mean square fitting 
technique. For the given interval of proposed values, the value of c0 which minimises 
the function Q(c0 ) is chosen. 
(14) 
i=l 
where the S'(m;) is computed using expression (8) and w(m) is weighting function. 
The different weighting functions can be used: the sum of power spectra, the sum of 
the coherences, etc. 
EXPERIMENTAL VALIDATION OF THE METHOD 
Measurement set-up and validation procedure 
In order to validate the developed measurement procedure a specific experimental 
set-up is realised. The validation measurements are carried out using a 10 
transducers array. The transducers are spaced equidistantly. The distance between 
two adjacent transducers is 0.21 m. The measurement antenna is 2.1 m long. The 
measured speed of sound of the refrigerant fluid is 181.5 m/s. The minimal spatial 
integration length is equal to the half of lowest gas pulsation wavelength -1.8 m. The 
spatial average of the gas pulsation amplitudes can be obtained simply by averaging 
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the measurement readings of 10 transducers. This result is considered as the 
reference. The same quantity can be obtained using 3 transducers array and an 
appropriate post processing. Two measurement results are compared. The same is 
done for the amplitude of spatial fluctuation of gas pulsation . 
. DISCHARGE LINE OF COMPRESSOR 
SUCTION LINE OF COMPRESSOR 
Figure 2. -A measurement set-up for experimental validation of the developed 3 transducer method. 
Left - a schematic presentation and transducer notation. Right- realisation of measurement set-up. 
Confrontation of measurement results 
The spatial distribution of the squared gas pulsation amplitudes of the first (-49 Hz) 
and of the second harmonic (-98Hz) are presented in the figure 3. The experimental 
results are presented by the full line, while the dashed lines correspond to the theoretic 
curves. The measurement results stress the importance of spatial fluctuations of gas 
pulsation. The ratio of maximum and minimum of the power spectra readings equals 
-7 for the first harmonic H1 and -3 for the second harmonic H2. If only one transducer 
is to be applied the readings will differ strongly with the measurement position. 
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Figure 3. - Spatial distribution of squared gas pulsation amplitude along the discharge line of 
compressor. Left- first harmonic H1 - 49Hz. Right- second harmonic H2 - 98 Hz. 
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Using 3 transducers array and the developed measurement procedure the spatial 
average of gas pulsation amplitude can be successfully evaluated for the frequency 
range of interest. In figure 4, the results obtained using 3 transducers are compared 
with the averaged value of power spectra readings of 10 transducers. The 
concordance of results is remarkable. The accuracy of the developed 3 transducer 
method is the same, when the amplitude of spatial fluctuations is considered. 
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Figure 4. - Spatial average of gas pulsation in a discharge line of a "scroll" type compressor. 
Left- measurement results obtained using 10 transducers array and direct averaging procedure. 
Right- the results obtained using 3 transducer array and the procedure described in the paper. 
CONCLUDING REMARKS 
The 3 transducer measurement array is used to evaluate the spatial average and the 
amplitude of spatial fluctuation of gas pulsation. The developed concept is used in the 
testing laboratories of two French compressor manufacturers. The method is used in 
an industrial connects for more than 1 year. The industrial application seems to 
confirm the choice of the gas pulsation descriptors and the robustness of the 
corresponding measurement technique. The developed method might be standardised 
in the near future. 
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